Background. Data from the United States and Europe show a population prevalence of baseline drug resistance of 8%-10% among human immunodeficiency virus (HIV)-infected patients who are antiretroviral naive. Our objective was to determine the clinical impact and cost-effectiveness of genotype resistance testing for treatmentnaive patients with chronic HIV infection.
Resistance to antiretroviral agents among HIV-infected, antiretroviral-naive individuals, or "primary resistance," results from transmission of HIV from treatment-experienced individuals who are infected with antiretroviral-resistant strains [1] [2] [3] . Among the clinically important consequences of primary resistance are a longer time to virologic suppression and a higher risk of treatment failure [1, [4] [5] [6] [7] . A recent 10-city surveil-lance study of primary resistance reported an overall prevalence of 8.3% in the United States [2] .
Genotype-resistance testing can help identify new, more-effective antiretroviral regimens for patients for whom therapy is failing [8] [9] [10] and has been incorporated into clinical treatment guidelines [11, 12] . Previous analyses have also shown that genotype-resistance testing before initiation of a new antiretroviral regimen in patients for whom therapy is failing appears to be cost-effective [13, 14] .
The use of resistance testing to guide the choice of a first treatment regimen is more controversial. No controlled clinical studies have assessed the benefits of resistance testing in treatment-naive patients, and there are limited data on treatment outcomes in patients with primary resistance [5, 6, 15] . Clinicians may also be reluctant to order resistance testing for treatment-naive patients because of the high relative cost of the test, compared with the costs of other routine blood tests [12] . However, given recent findings showing the long-term persistence of transmitted resistance mutations [1, [16] [17] [18] [19] , detection of preexisting resistance mutations in untreated patients may help clinicians choose more-effective initial regimens [12] . The most recent guidelines from the International AIDS Society-USA recommend that resistance testing be performed before treatment is started for patients infected within the previous 2 years-and possibly longer, if the prevalence of baseline resistance exceeds 5% [12] . Our objective was to estimate the clinical benefits, costs, and cost-effectiveness of using genotype resistance testing to guide the choice of initial antiretroviral regimen in patients with newly diagnosed, chronic HIV infection.
METHODS

Analytic overview.
On the basis of available data from clinical trials, observational cohort studies, surveillance studies of primary resistance, and national cost surveys, we utilized a previously published model of HIV disease [13, 20] to project the long-term clinical and cost outcomes for a cohort of HIVinfected, antiretroviral-naive patients who undergo pretreatment resistance testing. The target population consisted of chronically HIV-infected patients with characteristics (age, sex, CD4 cell count, and HIV RNA level) similar to those of the general population in the AIDS Clinical Trial Group 384 study (table 1) [21] .
In accordance with the recommendations of the Panel on
Cost-Effectiveness in Health and Medicine, we adopted a societal perspective and expressed clinical benefits in qualityadjusted life-years (QALYs) gained, to reflect the potential gains in both longevity and quality of life associated with the use of primary resistance testing [23] . Future costs and life-years were discounted at an annual rate of 3%. Model outcomes included life expectancy, quality-adjusted life expectancy, and lifetime costs (2001 US$). The results of the cost-effectiveness analysis are summarized using the cost-effectiveness ratio, in which each strategy with testing is compared incrementally with a strategy that does not employ resistance testing. With use of sensitivity analyses, we examined the impact of varying key model parameters, as described below. The Cost-Effectiveness of Preventing AIDS Complications model. The Cost-Effectiveness of Preventing AIDS Complications model is a previously published simulation model of the progression and outcomes of HIV disease in a population of chronically infected individuals [13, 20] . Details regarding the model structure and derivation of natural history parameters from the Multicenter AIDS Cohort Study [24] are available in previous publications [25] . Briefly, in this model, each simulated patient's clinical progression is tracked on a monthby-month basis. In any given month, the patient resides in 1 of 3 health states: chronic infection, acute clinical event, or death. We used incidence density analysis to compute monthly risks of HIV disease progression, including rates of decrease in the CD4 cell count, probabilities of acute opportunistic infec-tions, and rates of death due to HIV disease and other causes [13, 20, 26] .
In untreated patients and in patients for whom antiretroviral therapy is failing, HIV RNA level determines the rate of the CD4 cell count decrease, which in turn determines the probability that the patient will experience acute opportunistic infections [27] . To incorporate data from the current treatment era showing that antiretroviral therapy has a protective effect independent of current CD4 cell count, we decreased the CD4-specific risk of opportunistic infections and death to 54% of that for untreated patients with the same CD4 cell count [28] . On the basis of clinical trial data, patients who are receiving antiretroviral therapy have a regimen-specific probability of achieving viral suppression and a concomitant increase in CD4 cell count. In this analysis, CD4 cell count or development of an opportunistic infection are used to determine when a patient should start opportunistic infection prophylaxis and antiretroviral therapy [11, 29] . Both CD4 cell count and HIV RNA level are used to determine when a patient should switch antiretroviral regimens.
The model simulates and records individual patient histories regarding time spent in each health state, time receiving therapy, duration of survival, and quality-adjusted survival duration after model entry, as well as total lifetime costs. We modeled 1 million patient simulations for each of 2 strategies (no primary resistance testing and primary resistance testing) to obtain stable estimates of average long-term outcomes. The model was programmed in C and compiled in Visual C++ 6.0 (Microsoft). Additional details regarding model structure, data, and assumptions are available in several publications with technical appendices [13, 20, 25, 30] .
Prevalence of primary resistance and efficacies of antiretroviral therapy. In the base case, the overall prevalence of antiretroviral resistance among treatment-naive patients was 8.3% [2] . This estimate included 4.7%, 1.7%, and 1.9% for resistance to nucleoside reverse-transcriptase inhibitors (NRTIs), nonnucleoside reverse-transcriptase inhibitors (NNRTIs), and protease inhibitors (PIs), respectively. Because of a lack of data on treatment outcomes for multiple-class resistance and the difficulty of modeling antiretroviral strategies for such patients, we focused the analysis on patients with single-class resistance patterns. To derive the prevalence of resistance to single-drug classes, we assumed that NRTI resistance would generally be a component of multidrug resistance. Thus, we subtracted the prevalence rates of resistance to NNRTIs and PIs from the total resistance prevalence rate to produce the rate of NRTI resistance. In addition, because of changes in rates of resistance among drug classes, we vary these baseline assumptions in sensitivity analyses.
On the basis of published literature, we estimated the likely virologic suppression rate of the first through fifth sequential line of therapy in patients with and patients without virus with genotypic resistance who were starting an efavirenz-based or a lopinavir/ritonavir-based initial regimen (table 2) [31] [32] [33] [34] [35] [36] [37] [38] . Because limited data exist regarding efficacy of therapy with primary resistance, we estimated outcomes using studies of treatment-experienced patients and then varied the outcomes in sensitivity analyses. When outcomes were not reported to 48 weeks, we extrapolated data as reported elsewhere [13] . To account for heterogeneity in the standard of care for initial therapy, we estimated that 75% of the untested population received efavirenz-based therapy, whereas the other 25% received lopinavir/ritonavir-based therapy [11, 29] . For the tested population, the choice of initial regimen was based on the results of the genotype test. Efficacy of first-line therapy ranged from a high of 75% viral suppression at 48 weeks in patients with no PI or NRTI resistance who start receiving a lopinavir/ ritonavir-based initial regimen [34] to 19% viral suppression at 48 weeks in patients with baseline NNRTI resistance who start receiving an efavirenz-based initial regimen [33] . We assumed that patients without resistance could receive 5 sequential lines of treatment: 1 line of NNRTI-based treatment, 2 lines of PI-based treatment (with minimal PI resistance after the first treatment failure [42] ), 1 line of enfuvirtide-based treatment, and a final salvage regimen without enfuvirtide. In general, later regimens had lower efficacies than did earlier regimens. Tested patients with baseline PI resistance were only eligible for 1 line of PI-based treatment, and tested patients with baseline NNRTI resistance were not eligible for NNRTIbased treatment. Untested patients with baseline NNRTI or PI resistance would receive limited efficacy from the initial regimen in the corresponding drug class; likewise, untested patients with NRTI resistance would receive a less efficacious initial regimen (table 2) .
Costs and quality-of-life data. Direct costs of treatment for both routine medical care and for acute illnesses were estimated from charge data from the AIDS Cost and Services Utilization Survey and were varied to incorporate the more recent national HIV Cost and Services Utilization Study [43, 44] . All reported charges were converted to costs using a national cost-to-charge ratio [25, 45] . We assumed that the cost of a genotype resistance test was $400 on the basis of data from the payment office of the Brigham and Women's Hospital (Boston, MA). Drug costs were based on average wholesale prices listed in the 2001 Drug Topics Red Book [22] . Data on healthrelated quality of life were derived from the HIV Cost and Services Utilization Study, and utility weights from the SF-6D were applied [46] . NOTE. NNRTI, nonnucleoside reverse-transcriptase inhibitor; NRTI, nucleoside reverse-transcriptase inhibitor; PI, protease inhibitor. a The suppression rate was derived from the efavirenz arm of the AIDS Clinical Trial Group 364 study [32] ; this rate was varied in sensitivity analysis, with the lower range of 37% with undetectable HIV RNA at 48 weeks, as reported by Asboe et al. [40] . b The 48-week suppression rate was extrapolated using transition probabilities derived from the AIDS Clinical Trial Group 320 study [13, 41] . c The suppression rate was derived as an average of the suppression rate of the efavirenz and NRTI arm of the DuPont 006 trial and the efavirenz plus 2
NRTIs arm of the AIDS Clinical Trial Group 364 study [31, 32] . d The suppression rate was derived as a weighted average of the 24-week suppression rates of 2 lopinavir/ritonavir subgroups in the BMS 043 trial [35, 39] . e The suppression rate was derived from patients with !4 select mutations who were taking lopinavir/ritonavir [36] . f The suppression rate was derived from patients with !4 select mutations who were taking atazanavir/ritonavir [36] . g The suppression rate was derived as an average of the Prometheus study results and of the response among patients in the lopinavir/ritonavir arm of the M98-863 study [34, 38] .
RESULTS
Main Results
In the absence of primary resistance testing, patients had a discounted projected mean quality-adjusted life expectancy of 168.3 months and a total discounted lifetime cost of $336,600.
With resistance testing at the time of initial diagnosis, the mean quality-adjusted life expectancy increased to 169.3 months, and total costs increased to $338,600. With this 1.0 quality-adjusted life-month (QALM) increase in survival and $2000 increase in cost, the incremental cost-effectiveness ratio associated with primary resistance testing was $23,900 per QALY gained, compared with no testing. The magnitude of clinical benefit varied among the subgroups of patients who exhibited baseline drug class-specific resistance (table 3) . Patients infected with NNRTI-and NRTIresistant strains benefited the most from resistance testing, with a mean gain of 14.1 and 13.8 QALMs, compared with those who underwent no testing. Patients infected with PI-resistant virus gained only 4.9 QALMs with testing. This difference reflects the assumption that patients with baseline PI-resistant infection were only eligible for 4 lines of therapy; in addition, boosted PI-based therapy retains activity against many PIresistant viruses, so the difference between tested and untested subjects is relatively small.
Sensitivity Analyses
Prevalence of resistance. With the ratio of NRTI, NNRTI, and PI resistance held constant, as the overall prevalence of resistance was varied from 0.25% to 10.0%, the clinical benefits of primary resistance testing ranged from 0.03 to 1.2 QALMs, compared with no testing (table 4) . Similarly, the incremental cost-effectiveness ratios associated with resistance testing varied from $175,400 per QALY gained, when the overall prevalence of primary resistance was 0.25%, to $23,100 per QALY gained, when the overall prevalence of primary resistance was 10%. At a cost of $400 per test, the cost-effectiveness ratio for testing remained less than $50,000 per QALY gained until the prevalence of resistance decreased to 1.0%. Varying the proportion of patients infected with NRTI-, NNRTI-, and PI-resistant virus within clinically plausible ranges had minimal effect on costeffectiveness ratios. The use of proportions of drug class resistance found in a European multiple-site study [3] led to a slightly higher baseline cost-effectiveness ratio of $24,200 per QALY gained.
Cost of resistance testing. The cost-effectiveness ratio associated with primary resistance testing remained favorable through wide ranges in a 2-way sensitivity analysis in which both prevalence of resistance and test cost varied (table 4) . At a prevalence of resistance of 5.0%, the level at which testing is recommended in the International AIDS Society-USA guidelines [12] , when the test cost was varied between $200 and $800, the cost-effectiveness ratio for resistance testing ranged from $23,100 to $34,800 per QALY gained. At the baseline prevalence of resistance of 8.3%, the cost-effectiveness ratio for testing did not exceed $50,000 per QALY gained until the cost per test exceeded $2600.
Efficacy of resistance testing in improving virologic suppression. Primary resistance testing may underestimate the true prevalence of underlying resistance due to low-level minority populations of resistant virus that are not identified by testing. If the sensitivity of resistance testing is lowered, the test will be less effective at improving outcomes among those who undergo testing. In addition, treatment outcomes in patients with drug-resistant infection who do not undergo testing may be better than in our baseline assumptions. Therefore, we varied the incremental benefit of resistance testing on achieving virologic suppression from 10% to 90% of the estimated benefit. Over this range of test performance, the cost-effectiveness ratio for resistance testing varied from $66,300 to $24,400 per QALY gained. The cost-effectiveness ratio did not exceed $50,000 per QALY gained until the efficacy of resistance testing decreased to 15% of the baseline expected benefit.
Initial antiretroviral strategy. The baseline analysis assumed that 75% of patients started receiving an efavirenz-based regimen and 25% started receiving a lopinavir/ritonavir-based regimen. When we varied the proportion who started efavirenzbased treatment from 100% to 0%, with the remaining starting lopinavir/ritonavir-based treatment, the cost-effectiveness ratios associated with resistance testing were minimally affected, ranging from $23,600 per QALY gained when all patients started receiving an efavirenz-based regimen to $25,700 per QALY gained when all patients started receiving a lopinavir/ritonavirbased regimen.
Other parameters. Results of the analysis were relatively insensitive to clinically plausible variations in many parameters in the model, including (1) the use of 1 PI-based regimen rather than 2 for all patients, (2) the use of enfuvirtide as the fourth versus the fifth line of treatment, and (3) the efficacy of NNRTIbased therapy in patients with primary or acquired NRTI resistance. Cost-effectiveness ratios remained less than $50,000 per QALY gained in all of these sensitivity analyses.
DISCUSSION
Recent studies from the United States and from other countries in North America and Europe indicate a prevalence of antiretroviral resistance among treatment-naive patients of 8%-10% [2, 3] . Although transmission of drug-resistant virus has been recognized for several years, resistance testing has not been recommended for chronically infected patients before they initiate therapy, unless HIV infection was recently acquired or the prevalence of resistance is known to exceed 5% [12] . The hesitation to employ resistance testing for all individuals with new diagnoses arises from multiple factors, most notably the cost of the test and the absence of controlled data showing that this testing strategy improves outcomes. However, patients who harbor a drug-resistant virus may have lower rates of virologic suppression when treated with combination therapy [6, 7] , and it has become clear that transmitted resistance mutations may be detectable for months and even years after acquisition [1, [16] [17] [18] [19] .
This analysis suggests that, with a baseline prevalence of resistance of 11%, resistance testing at the time of HIV diagnosis-and, thus, before antiretroviral therapy is started-is a cost-effective strategy that can lead to selection of a more effective initial antiretroviral regimen and likely longer survival for patients who have drug-resistant virus. The relatively modest gains in mean quality-adjusted life expectancy (1.0 QALMs at a resistance prevalence of 8.3%) reflect the fact that, for the large majority of patients without primary resistance, testing provides no benefit; but for those with primary resistance, testing provides substantial benefit. Furthermore, the relatively low cost of the onetime test renders primary resistance testing extremely cost-effective, given the overall high cost of treating HIV infection over the course of a patient's lifetime. At a per test cost of $400, this test represents !5% of annual costs for NOTE. Incremental cost and life expectancy gained refer to the difference between a tested and untested population at the given levels of primary resistance prevalence. QALM, qualityadjusted life-month; QALY, quality-adjusted life-year.
a Base case analysis.
antiretroviral therapy and !0.2% of total lifetime care costs incurred by HIV-infected patients [44] . We found that the cost-effectiveness of primary resistance testing increases with the prevalence of resistance. In a population in which 5% of patients have baseline resistance, the cost-effectiveness ratio remained less than $50,000 per QALY gained, even when the cost of genotype testing was more than tripled. In the base case analysis, with a prevalence of primary resistance of 8.3%, resistance testing for individuals with new diagnoses had a cost-effectiveness ratio of $23,900 per QALY gained. This result is in the range of other commonly accepted HIV interventions, including resistance testing after treatment failure ($20,200 per QALY gained) [13] , combination antiretroviral therapy ($25,900 per QALY gained) [20] , and prophylaxis for Mycobacterium avium complex infection ($63,100 per QALY gained) [47] . We used published data regarding the prevalence of primary resistance and the distribution of resistance among drug classes [2] . Importantly, a recent update of this study cited a prevalence of drug resistance of 15.2%, with NNRTI resistance rates now at 9.1% [48] . At these higher rates, resistance testing at the time of diagnosis of HIV infection would be even more cost-effective.
There are several limitations to this study. The input data informing model assumptions about the virologic effectiveness of antiretroviral therapy were derived from heterogeneous sources, including both cohort and interventional studies, which were not specifically designed to examine outcomes related to primary resistance testing. Additionally, we did not consider the role of multiple-class resistance in antiretroviralnaive patients. However, because treatment options are already limited for these patients, including them in the analysis would likely accentuate the benefits of primary resistance testing and render it even more cost-effective. Nonetheless, these people represent a small subset of all patients who are infected with drug-resistant virus [2] , and inclusion of them in the study would likely have a small impact on overall cost-effectiveness. Given that data on antiretroviral therapy efficacy includes no more than 10 years of follow-up, we have conservatively modeled a 10-year limit on efficacy for each antiretroviral regimen that a patient may receive. With continued advances in the duration of effective therapy, the benefits of primary resistance testing would likely increase if the test led to the appropriate choice of an initial durable regimen. Finally, we did not specifically examine the development of new drug classes (e.g., integrase inhibitors and CCR5 antagonists), which may broaden the available choices for initial antiretroviral therapy and may be equally effective in patients infected with virus with and virus without primary resistance to currently available drug classes. However, current treatment guidelines recommend initial therapy with 2 NRTIs and either an NNRTI or a PI, and they are likely to do so for the near future [11, 29] .
Resistance testing at the time of diagnosis of HIV infection should not be limited only to those with recently acquired infection, because data from both the United States and Europe do not show significantly different rates of resistance in infected individuals depending on when they contracted HIV infection [2, 3, 18] . Furthermore, it is rarely possible to accurately assess the time of acquisition of HIV infection in a patient who received a new diagnosis [49] . Implications of this analysis go beyond the most recent International AIDS Society-USA guidelines recommending that primary resistance testing be considered if the expected prevalence of resistance is 15% [12] , particularly because clinicians usually cannot estimate the prevalence of drug resistance in their communities. On the basis of the available evidence, and considering both clinical benefits and costs, genotype resistance testing should be performed for all patients with newly diagnosed HIV infection in the United States, with the results used to guide the choice of antiretroviral regimen when treatment is indicated.
